ABSTRACT
21 from a rapidly proliferating tube with pseudostratified epithelium prior to embryonic day (E) 22 14.5, to an exquisitely folded columnar epithelium in the fetus. We sought to define factors that 23 drive fetal maturation of the intestine. ATAC-seq profiling revealed a dramatic restructuring of 24 intestinal chromatin during the embryonic-to-fetal transition, with CDX2 transcription factor 25 motifs abundant at chromatin-accessible regions of the embryo, and hepatocyte nuclear factor 26 4 (HNF4) transcription factor motifs the most abundant in the fetal stages. Genetic inactivation 27 of Hnf4and its paralog, Hnf4, revealed that HNF4 factors are redundantly and vitally required 28 for fetal maturation. In the embryo, CDX2 binds to and activates Hnf4 gene loci to drive HNF4 29 expression at fetal stages. HNF4 and CDX2 transcription factors then occupy shared genomic 30 regulatory sites and are required for chromatin accessibility at genes expressed in the maturing 31 fetal intestine. Thus, intestinal transcription factor regulatory networks shift to accompany 32 changing chromatin landscapes and gene expression profiles that occur during the transition of 33 an embryonic tissue to its mature state. 34
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INTRODUCTION
40
The developing embryo is a collection of partially-fated cells that expand exponentially during 41 the stages of organogenesis, approximately E9.5 to E13.5 in mice (Cao et al., 2019) . As 42 development proceeds into fetal stages, specified cells undergo transitions to acquire 43 characteristics of mature tissues. The mechanisms of these developmental transitions are not 44 completely understood, but are of great importance in understanding the basic mechanisms of 45 development and developmental disorders, and in facilitating efforts of regenerative medicine. 46
The embryonic gut tube arises from endoderm after gastrulation and is specified along the 47 anterior-posterior axis into distinct derivative endodermal organs. The primitive gut divides into 48 foregut, midgut and hindgut; the small intestine develops primarily from the midgut. Murine gut 49 tube formation is completed by E9.5, and its inner lining consists of a highly-proliferative, 50 pseudostratified epithelium as the gut tube elongates, with the most rapid growth occurring by 51 E14.5. At E14.5 to E15.5, the tissue undergoes a remarkable transition to a columnar epithelium 52 and the process of villus formation, elongation, and maturation occurs at E15.5 to E18.5 (Chin et  53 efforts to understand mechanisms driving developmental transitions in the gut, we recently 60 mapped chromatin profiles of esophagus, forestomach, hindstomach and small intestine over 61 developmental time. We noted a clear transition in chromatin accessibility within the 62 developing intestine that corresponds to the stage in which the morphogenetic events 63 reshaping the intestine occur (~E15.5). The transcription factor, CDX2, operates on both sides of 64 this developmental transition. In the early embryonic intestine (prior to E13.5), CDX2 is required 65 for intestinal specification, and loss of CDX2 leads to ectopic features of stomach and 66 esophageal tissues in the intestine (Banerjee et ). 2,644 regions (cluster 1) were accessible at E11.5 112
and remained accessible at all stages examined. 10,544 regions (cluster 2, "maturation enriched 113 regions") of intestinal chromatin are progressively accessible, whereas 30,702 regions (cluster 3, 114 "embryo enriched regions") lose accessibility from E11.5 to adult (Fig.1A , Table S1 ). Notably, a 115 gain in accessibility at "maturation enriched regions" coincides with the loss of accessibility at 116 "embryo enriched regions". This E14. Table S2 ). Genes nearby these HNF4-dependent 208 regions are associated with mature intestinal functions, such as adhesion, brush border 209 formation, and lipid metabolism (Fig.6B , Table S2 ). For example, chromatin accessibility 210 increases at regions of the brush border gene Enpep as the tissue matures (Fig.6C) , and 211 accessibility is almost completely lost in the Hnf4 DKO epithelium (Fig.6D ). HNF4 paralogs 212 directly bind to many maturation-specific genes (ChIP-seq in Fig.6E and Fig.S2) , and transcript 213 levels of these maturation-specific genes are dramatically reduced in Hnf4 DKO (Fig.6F ). 214
Consistent with the loss of expression of maturation genes, Hnf4 DKO intestines exhibit a 215 translucent and distended lumen at E18.5, suggesting an underdeveloped intestine compared to 216 their littermate controls (Fig.6G) . The gross morphological defects in intestines are more severe 217 with loss of 3 or 4 Hnf4 alleles compared to loss of 1 or 2 Hnf4 alleles (Fig.S3A) , as evaluated by cleaved caspase 3 staining (Fig.S4A) . The differentiation 224 marker, alkaline phosphatase, which is localized to the apical surface of villus enterocytes, is 225 normally expressed in the controls beginning at E15.5 in the maturing tissue and increases over 226 developmental time (top panels in Fig.6I ). However, alkaline phosphatase is not detectable in 227
Hnf4 double mutants (bottom panels in Fig.6I ). As expected for genetic redundancy between 228
Hnf4 paralogs, Hnf4 single mutants show normal expression of alkaline phosphatase (Fig.S4B ). 229
Proliferative cells, which are normally restricted to the intervillus regions of the fetal gut, are 230 expanded into the villi of Hnf4 DKO (Fig.S4C ), which may be attributed to the loss of villus 231 differentiation in mutants lacking HNF4 factors (Fig.6I,J) . Taken together, our results indicate 232 that HNF4 paralogs are dispensable for specification and villus morphogenesis in the developing 233 gut, but are redundantly required for fetal maturation through direct binding to fetal maturation 234 genes. 235
DISCUSSION
236
The regulatory mechanisms governing the transition of embryonic to mature tissue is a 237 significant frontier for both developmental biology and regenerative medicine. Chromatin 238 accessibility dynamics across intestinal development provide new insights into the fundamental 239 molecular basis of intestinal specification and maturation. HNF4 motifs are most prevalent in 240 the accessible chromatin during the maturation of the developing gut, and we provide evidence 241 that HNF4 transcription factors are indeed important for maturation of the fetal intestine. Here, 242 we build a model that CDX2 functions in gut specification, binds to and activates HNF4 factors in 243 the developing gut. Together, these factors are required to mature the fetal tissue, ultimately 244 achieving a stabilized and mature intestine. 245
Interestingly, lower-level CDX2 binding in the embryo is observed at regions that will become 246 accessible in fetal stages. (Fig.3A) . Lower level CDX2 ChIP-signal at these poorly accessible 247 regions could reflect a "low-level sampling" behavior that has recently been described for the 248 FOXA1 transcription factor (Donaghey et al., 2018 It is also interesting to note that CDX2 appears to function in both the embryonic and fetal 257 transcription factor regulatory networks (Fig.7) . 
MATERIALS AND METHODS
276
Mice
277
The 
Intestinal epithelial cell isolation 313
Embryos were collected at E18.5, and the freshly harvested embryonic small intestine (caudal 314 stomach to rostral caecum) was opened longitudinally with forceps, cut into 1 cm pieces, and 315 then rotated in 3 mM EDTA in PBS at 4 °C for 40 min. To release the epithelial cells from 316 underlying muscular tissue, the tissue was vigorously shaken after EDTA incubation. The 317 supernatant was collected as the whole epithelium fraction. Cells were pelleted by 318 centrifugation at 170 g at 4 °C and then washed with cold PBS, and processed for RNA extraction 319 using Trizol (Invitrogen, 15596018) according to the manufacturer's protocols. 320
RNA extraction and qRT-PCR 321
The RNA was reverse transcribed using SuperScript III First-Strand Synthesis SuperMix 322 (Invitrogen, 18080-400) with Oligo(dT)20 primers to prepare cDNA. qRT-PCR analysis was 323 performed using gene-specific primers and SYBR Green PCR Master Mix (Applied Biosystems, 324 4309155). The sequences of the primers used are available upon request. The 2 -ΔΔCt method was 325 applied to calculate the fold change of relative transcript levels, and Hprt1 was used for 326 normalization. 327
Single intestinal epithelial cell isolation for ATAC-seq 328
Embryos were collected at E16.5, and the freshly harvested embryonic small intestine (caudal 329 stomach to rostral caecum) was opened longitudinally with forceps and cut into 1 cm pieces. 330
Intestinal tissues were treated with pre-warmed 0.25% Trypsin for 8 min at 37°C on a vortex 331 station (speed set between 6-7), neutralized with 10% FBS, and passed through a 70-μm cell 332 strainer. 
Statistical analysis 381
The data is presented as mean ± SEM, and statistical comparisons were performed using two-382 sided Student's t-test at P < 0.001***, P < 0.01** or P < 0.05*. 424  Table S1 . Genome coordinates for ATAC-seq performed in intestinal epithelial cells from E11.5 425 embryo to adult, including 30,702 embryonic enhancer regions (cluster 3 from Fig.1A ) and 426 10,544 maturation enhancer regions (cluster 2 from Fig.1A) . Additionally, the full list of HOMER 427
Supplementary information
de novo motif-calling analysis on these embryonic and maturation enriched regions are reported 428 respectively. Finally, the results of GO term enrichment using GREAT analysis for genes with 429 their transcriptional start sites within 20 kb of these embryonic and maturation regions are 430 reported respectively. These data correspond to findings in Fig.1 .6A) . Additionally, the full list of HOMER de novo motif-calling 435 analysis on these HNF4 chromatin-dependent regions are reported. Finally, the results of GO 436 term enrichment using DAVID analysis for genes with their transcriptional start sites within 20 437 kb of these HNF4 chromatin-dependent regions are reported. These data correspond to findings 438 in (GSE115541, n = 2 biological replicates per timepoint, isolated embryonic epithelium was 459 collected from the entire small intestine) shows that Cdx2 is highly and equally expressed across 460 developmental time, whereas Hnf4 and Hnf4 are not robustly expressed until E14.5 and 461 E16.5, respectively. (F) RNA-seq (E-MTAB-4168) shows that CDX2 expression is induced when 462 human endoderm is specified to intestine by treatment with FGF4 (500 ng/ml) and CHIR99021 463 (2 µM, WNT agonist). By contrast, HNF4A/G expression is not induced until human intestinal 464 organoids are formed by subsequent differentiation steps. See schematic in Fig.S1D that CDX2 (GSE115314, n = 2 biological replicates, whole small intestine epithelium) binds to 500 both maturation enriched (cluster 2 of Fig.1A ) and embryo enriched (cluster 3 of Fig.1A ) regions 501 of intestinal accessible enhancer chromatin in E13.5 embryos. When tissues become mature, 502 CDX2 (GSE34568 and GSE115314, n = 2 biological replicates) and HNF4 (GSE112946, n = 2 503 biological replicates per HNF4A and HNF4G ChIP, adult duodenum epithelium) bind more 504 robustly to the maturation enriched regions rather than to the embryo enriched regions. The 505 peaks of CDX2 ChIP in the heatmaps are aligned to the binding events of HNF4 ChIP. (C)  506 Examples of genes located at maturation enriched regions are visualized using IGV. Brush border 507 genes, such as Myo7b and Pls1, are expressed when maturation occurs at E16.5 and are robustly 508 expressed when intestines become mature in the adult (RNA-seq panels, GSE115541, n = 2 509 biological replicates). These genes are directly bound by CDX2 (GSE34568 and GSE115314, n = 2 510 biological replicates) and HNF4 (GSE112946, n = 2 biological replicates per HNF4A and HNF4G 511 ChIP). 512 chromatin (GSE115541, n = 2 biological replicates) becomes more accessible at maturation 517 enriched regions and less accessible at embryo enriched regions (ATAC-seq regions defined from 518 Fig.1A ) from E11.5 embryo to adult. The intestinal chromatin accessibility at the maturation 519 enriched sites is compromised upon depletion (Shh-Cre) of Cdx2 (B-C, GSE115314) or Hnf4 (D-E) 520 in E16.5 embryos, whereas promoter regions are relatively unaffected and serve as an internal 521 control (n = 2 WT controls, and HNF4 factors bind to the maturation-specific genes in the mature tissue of the adult (ChIP-600 seq, right bottom panels). n = 2 biological replicates per developmental timepoint for ATAC-seq 601 (GSE115541), RNA-seq (GSE115541) and ChIP-seq (GSE112946). 602 
